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ABSTRACT
Recent measurements by the Pierre Auger Observatory suggest that the composition of
ultra-high energy cosmic rays (UHECRs) becomes dominated by heavy nuclei at high ener-
gies. However, until now there has been no astrophysical motivation for considering a source
highly enriched in heavy elements. Here we demonstrate that the outflows from Gamma-Ray
Bursts (GRBs) may indeed be composed primarily of nuclei with masses A ∼ 40−200, which
are synthesized as hot material expands away from the central engine. In particular, if the
jet is magnetically-dominated (rather than a thermally-driven fireball) its low entropy enables
heavy elements to form efficiently. Adopting the millisecond proto-magnetar model for the
GRB central engine, we show that heavy nuclei are both synthesized in proto-magnetar winds
and can in principle be accelerated to energies ∼> 10
20 eV in the shocks or regions of mag-
netic reconnection that are responsible for powering the GRB. Similar results may apply to
accretion-powered GRB models if the jet originates from a magnetized disk wind. Depending
on the precise distribution of nuclei synthesized, we predict that the average primary mass
may continue to increase beyond Fe group elements at the highest energies, possibly reaching
the A ≈ 90 (Zirconium), A ≈ 130 (Tellurium), or even A ≈ 195 (Platinum) peaks. Future
measurements of the UHECR composition at energies ∼> 10
20 eV can thus confirm or con-
strain our model and, potentially, probe the nature of GRB outflows. The longer attenuation
length of ultra-heavy nuclei through the extragalactic background light greatly expands the
volume of accesible sources and alleviates the energetic constraints on GRBs as the source of
UHECRs.
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1 INTRODUCTION
The origin of Ultra-High Energy Cosmic Rays (UHECRs)
is one of the great mysteries in high energy astrophysics
(e.g. Blandford & Eichler 1987; Nagano & Watson 2000). UHE-
CRs are generally thought to originate from extra-galactic dis-
tances: the break observed in the cosmic ray spectrum at ∼ 3× 1018
eV (the ‘ankle’) is often interpreted as the energy beyond which
the Galactic magnetic field can neither isotropize UHECRs nor ap-
preciably prolong their residence time in the Galaxy (e.g. Hillas
2005). An extra-galactic origin is also suggested by the cut-off
observed in the spectrum above ∼ 6 × 1019 eV (Abraham et al.
2008; Abbasi et al. 2008), which is generally interpreted as the
result of UHECRs (protons or heavy nuclei) interacting with the
cosmic microwave background (CMB) and other sources of extra-
⋆ E-mail: bmetzger@astro.princeton.edu
galactic background light (EBL). This is the ‘GZK’ effect, initially
proposed for protons by Greisen (1966) and Zatsepin & Kuz’min
(1966).
Only a handful of astrophysical sources are plausible sites for
accelerating UHECRs because the requirements on the magnetic
field, compactness, and energy budget are stringent. Commonly
discussed candidates can be divided into persistent and transient
sources. Persistent sources include powerful relativistic jets from
Active Galacti Nuclei (AGN; e.g. Mannheim & Biermann 1992;
Berezinsky et al. 2002; Farrar & Gruzinov 2009; Dermer et al.
2009; Takami & Horiuchi 2010), weaker AGN jets (e.g. Honda
2009; Pe’er et al. 2009), and galaxy clusters (e.g. Inoue et al. 2007;
Kotera et al. 2009). Candidate transient sources (Waxman & Loeb
2009) include classical Gamma-Ray Bursts (GRBs; Waxman 1995;
Vietri 1995; Milgrom & Usov 1995; Waxman 2004, 2006; Dermer
2010), low luminosity GRBs (e.g. Murase et al. 2006), AGN flares
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(e.g. Farrar & Gruzinov 2009), and relativistic (‘engine-driven’)
supernovae (e.g. Chakraborti et al. 2010).
The arrival directions of UHECRs provide a potentially im-
portant probe of their origin. Measurements by the Pierre Auger
Observatory (PAO) rule out isotropy for the highest energy cosmic
rays at ∼ 98% confidence (Armengaud 2008), and PAO has fur-
thermore discovered a correlation between the arrival directions of
UHECRs with energies E > 57 EeV and nearby (
∼
< 75 Mpc) AGN
(Abraham et al. 2008). This result does not, however, imply that
UHECRs necessarily originate from AGN, because AGN trace lo-
cal Galactic structure, such that the correlation is consistent with a
variety of other sources (Kashti & Waxman 2008; Ghisellini et al.
2008; Takami et al. 2009; Takami & Sato 2009).1 At present the
sources of UHECR cannot therefore be deduced from their arrival
directions alone.
The composition of UHECRs also provides important clues
to their origin. Although the composition is measured directly at
low energies (
∼
< 1014 eV), at ultra-high energies it must be inferred
indirectly by measuring the shower depth at maximum elongation
Xmax. Recent measurements by PAO show that the average shower
depth 〈Xmax〉 and its RMS variation decrease systematically moving
to the highest energies (Abraham et al. 2010). This suggests that the
UHECR composition transitions from being dominated by protons
below the ankle to being dominated by heavier nuclei with average
masses similar to Si or Fe at ∼ 5 × 1019 eV. We caution, however,
that HiRes has not verified this finding (Abbasi et al. 2005).2
The UHECR composition measured by Auger is puzzling.
One possible explanation is that the accelerated material has an in-
trinsically ‘mixed’ composition (with e.g. solar abundances), such
that protons are accelerated to a maximum energy E = Ep,max ∼
1018.5 eV, beyond which only heavier nuclei are accelerated. This
seems plausible a priori because accelerator size considerations
show that the maximum achievable energy increases linearly with
the nuclear charge Z (Hillas 1984). On the other hand, this explana-
tion appears to require fine tuning because the maximum energy to
which, for instance, Fe nuclei are accelerated EFe,max ∼ Z×Ep,max ∼
8×1019 (Z/26) eV must (by coincidence) be close to the cut-off ob-
served at ∼ 6 × 1019 eV and expected to occur independently from
the GZK effect. A ‘mixed’ composition with metal abundance ra-
tios similar to the Sun or Galactic cosmic rays also appears incon-
sistent with modeling of the propagation of UHECRs through the
EBL (Allard et al. 2008), which suggest that the injected composi-
tion has a fairly narrow distribution in charge (e.g. Hooper & Taylor
2010).
A second possibility is that the accelerated material is dom-
inated by heavy nuclei. In this case the proton-dominated com-
position measured near the ankle may be explained as secondary
particles produced by the interaction of the nuclei with the EBL
(e.g. Hooper & Taylor 2010). A heavy-rich composition is unlikely
in the case of AGN, galaxy clusters, and supernova shocks because
the accelerated material originates from the interstellar medium.
For a solar composition, the fraction of the total mass in Fe nuclei
and heavier is just XFe ∼ 10−3, such that only for extremely super-
1 In addition, the latest PAO results suggest that the significance
of the AGN correlation is reduced from previous measurements
(The Pierre Auger Collaboration: J. Abraham et al. 2009).
2 One possible explanation for this discrepency is that PAO and HiRes ob-
serve different portions of the sky. We note that HiRes also does not find the
correlation of UHECRs with AGN seen by PAO (e.g. Sokolsky & Thomson
2007).
solar metallicity (∼ 103Z⊙) could heavy nuclei dominate the total
UHECR mass.
In this paper we show that UHECRs from GRBs, unlike AGN,
may indeed be composed of almost entirely very heavy nuclei. In
particular, if the outflow from the central engine is strongly mag-
netized we find that Fe-group nuclei and possibly heavier elements
(A
∼
> 90) are synthesized during its expansion. Although it is well
established that long duration GRBs originate from the core col-
lapse of massive stars (Woosley & Bloom 2006), it remains de-
bated whether the central engine is a hyper-accreting black hole
(Woosley 1993) or a rapidly spinning, strongly magnetized neutron
star (a ‘proto-magnetar’; e.g. Usov 1992). We focus here on the
proto-magnetar model, which recent work has shown can explain
many of the observed properties of GRBs (Thompson et al. 2004;
Metzger et al. 2007; Bucciantini et al. 2007; Metzger et al. 2010).
However, similar considerations may apply to accretion-powered
models, provided that the jet is magnetically-dominated rather than
a thermally-driven fireball (§2.2).
2 NUCLEOSYNTHESIS IN MAGNETICALLY-DRIVEN
GRB OUTFLOWS
The high temperatures T > 1 MeV near the central engine im-
ply that all nuclei are dissociated into free neutrons and protons.
Heavier elements form only once lower temperatures and densi-
ties are reached at larger radii in the outflow. If the outflow forms
as a fireball dominated by thermal energy (as would occur if the
jet is powered by neutrino annihilation along the rotational axis;
e.g. Eichler et al. 1989), its entropy is necessarily high S
∼
> 105
kb nucleon−1. Free nuclei recombine into Helium only once the
deuterium bottleneck is broken. Since this occurs at low densities
when the entropy is high, few elements heavier than He are formed,
similar to Big Bang nucleosynthesis (Lemoine 2002; Beloborodov
2003). Pure fireballs are therefore unlikely to produce jets enriched
in heavy elements.
The situation is different if the jet is accelerated magneti-
cally, as occurs from proto-magnetars or magnetized accretion disk
winds. In this case most of the energy is stored in the magnetic field
(Poynting flux) at small radii and the flow has a much lower entropy
S ∼ 10 − 300 kb nucleon−1 (see Fig. 1 and eq. [1] below). Under
these conditions Helium recombination occurs at higher densities,
such that heavier nuclei can be formed efficiently via e.g. the triple-
α reaction and subsequent α captures. Below we focus on the nucle-
osynthesis in proto-magnetar winds because the outflow properties
can be calculated with relative confidence (Metzger et al. 2010);
however, in §2.2 we briefly discuss the composition of accretion-
powered outflows.
2.1 Proto-Magnetar Winds
When a massive star runs out of nuclear fuel, its core undergoes
gravitational collapse. This results in a hot ‘proto-neutron’ star
(proto-NS), which radiates the energy released during the collapse
in neutrinos (e.g. Burrows & Lattimer 1986). As neutrinos escape,
they heat the material above the proto-NS surface, potentially pow-
ering a supernova (SN) explosion during the first few hundred
milliseconds after core bounce (e.g. Bethe & Wilson 1985). How-
ever, regardless of how the star explodes, if the core does not col-
lapse into a black hole, neutrinos continue to heat the proto-NS
atmosphere on longer timescales t ∼ 1 − 100 s. This drives mass
from the proto-NS into the expanding cavity behind the outgoing
c© 2010 RAS, MNRAS 000, 1–??
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Figure 1. Properties of proto-magnetar winds, calculated for a magnetar
with surface dipole field strength Bdip = 5 × 1015 G, initial spin period
P0 = 2 ms, mass Mns = 1.4M⊙, and magnetic obliquity χ = π/2, based on
the model of Metzger et al. (2010). Wind properties shown include the total
spin-down power ˙E (solid line), magnetization σ0 (dotted line), entropy S
(eq. [2]; dashed line), and expansion timescale at the radius of He recom-
bination τexp (dot-dashed line). Also shown is the estimated time required
for the jet to break out of the stellar surface (t ∼ 10 s), the timescale prior
to which nuclei are disintegrated by GRB photons (τγ−N = 10; eq. [6]), and
the end of the GRB according to the model of Metzger et al. (2010) (t ≈ 60
s). The unshaded area denotes the time interval during which nuclei synthe-
sized in the wind both survive photodisintegration and may be accelerated
to energies
∼
> 1020 eV according to the criteria of the internal shock model
discussed in §3.2.
SN shock, producing what is known as a ‘neutrino-heated wind’
(Duncan et al. 1986; Burrows et al. 1995; Qian & Woosley 1996;
hereafter QW96).
If the proto-neutron star is strongly magnetized (dipole field
strength Bdip ∼> 10
15 G) and rapidly rotating (initial spin period
P0 ∼ 1 − 3 ms), i.e. a ‘millisecond proto-magnetar’, its neutrino
wind is accelerated primarily by magneto-centrifugal forces. By
extracting the rotational energy of the neutron star, proto-magnetar
outflows achieve the power and speed necessary to produce a GRB.
In our calculations below, we use the time evolution of the power
˙E and mass-loss rate ˙M of proto-magnetar winds from the detailed
model of Metzger et al. (2010), to which we refer the reader for a
complete description. From ˙E(t) and ˙M(t), we calculate the wind
magnetization σ0(t), which is defined as the ratio of Poynting flux
to kinetic energy flux at the light cylinder radius RL ≃ 50(P/ms)
km. The magnetization equals the Lorentz factor that the jet ob-
tains if its magnetic energy (Poynting flux) is fully converted into
bulk kinetic energy.
Figure 1 shows ˙E(t) (solid line) and σ0(t) (dotted line), cal-
culated for a magnetar with Bdip = 5 × 1015 G, P0 = 2 ms,
and magnetic obliquity χ = π/2 (the angle between the rotation
and magnetic dipole axes). During the first few seconds after core
bounce, the magnetar wind is only mildly relativistic (σ0 ∼< 1)
because the neutrino-driven mass loss rate is high. However, as
the proto-NS cools, the outflow becomes increasingly relativistic
and magnetically-dominated, such that σ0 reaches ∼> 10
2 − 103 on
timescales ∼ 20−50 s. As we describe in §3, conditions during this
epoch are ideal for both producing a GRB and accelerating UHE-
CRs. At late times (t
∼
> 100 s), σ0 increases even more rapidly be-
cause the neutrino-driven mass loss drops abruptly as the proto-NS
becomes transparent to neutrinos. Because ultra high-σ0 have diffi-
culty efficiently accelerating and dissipating their energy, this tran-
sition likely ends the prompt GRB emission (Metzger et al. 2010).
Furthermore, after this point other processes (e.g. γ − B or γ − γ
pair production) likely take over as the dominant source of mass
loss (e.g. Thompson 2008), such that the wind composition could
change from baryon-dominated to e−/e+ pairs. This would appear
to make UHECR acceleration less likely during the ultra high-σ0
phase at late times (although see Arons 2003).
2.1.1 Heavy Element Nucleosynthesis
The temperature near the proto-NS surface (r = Rns ∼> 10 km)
is set by the balance between neutrino heating and cooling and is
typically T (Rns) ∼ 1 − 2 MeV on the relevant timescales t ∼ 10 −
100 s for producing a GRB and accelerating UHECRs (see QW96;
their eqs. [46-47]). Because T ∝ r−1 in the radiation-dominated
hydrostatic atmosphere, Helium recombination (T = Trec ∼ 0.5 −
1 MeV) generally occurs just a few NS radii above the surface.
Because heavy elements begin to form only after recombination,
the quantity and distribution of nuclei synthesized depends on the
entropy S , electron fraction Ye, and the expansion timescale τexp of
the outflow at the recombination radius (e.g. Hoffman et al. 1997;
Meyer & Brown 1997), where Ye ≡ np/(nn + np) and np(nn) is the
proton(neutron) density, respectively.
The entropy in proto-NS winds is determined by the amount
of neutrino heating that occurs in the ‘gain region’ just above the
NS surface (but well below the recombination radius), which for
‘normal’ (slowly rotating and/or weakly magnetized) proto-NSs is
well-approximated by the expression
S (Ω = 0) = 280 C−1/6es L−1/651 ǫ−1/3ν,MeVR−2/310 M1.4 kbnucleon−1 (1)
where L51 ≡ Lν¯e/1051 erg s−1, ǫν,MeV ≡ ǫν¯e /MeV, R10 = Rns/10
km, M1.4 ≡ Mns/1.4M⊙ are the electron antineutrino luminosity,
mean electron antineutrino energy, radius, and mass of the proto-
NS (QW96; their eq. [48a]); Ces is a correction to the heating rate
due to inelastic electron scattering (QW96; their eq. [51a]); we
have included a ∼ 20% entropy enhancement due to general rel-
ativistic gravity (e.g. Cardall & Fuller 1997); and we have assumed
the electron neutrinos and antineutrinos have similar luminosities
and mean energies. We calculate Lν(t), ǫν(t), and Rns(t) using the
proto-NS cooling calculations of Pons et al. (1999) as described in
Metzger et al. (2010).
The entropy in proto-magnetar winds depends on the obliq-
uity angle χ. For aligned rotators (χ ≈ 0), material leaves the NS
surface near the rotational pole and its entropy is similar to the non-
rotating value, i.e. S (Ω, χ = 0) ≈ S (Ω = 0) (eq. [1]). By contrast,
oblique rotators (χ ≈ π/2) lose most of their mass in outflows from
the rotational equator. Equatorial outflows experience significant
centrifugal acceleration in the gain region, which reduces the heat-
ing received by the outflowing material and suppresses the entropy
exponentially, viz.
S (Ω, χ = π/2) = S (Ω = 0) × exp[−Pcent/P], (2)
where Pcent ≈ 2.1L−0.1551 ms is taken from the numerical calculations
of Metzger et al. (2007) for a proto-NS with Mns = 1.4M⊙ and ra-
dius Rns = 10 km (their eq. [37]). Although the dependence of Pcent
on Rns has not yet been determined, the proto-NS has already con-
tracted to its final radius ≈ 10 km by the times of interest for accel-
erating UHECRs (t
∼
> 10 s), such that the results of Metzger et al.
(2007) are applicable.
The expansion timescale in the wind is defined as τexp =
c© 2010 RAS, MNRAS 000, 1–??
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(r/vr)|Trec , where vr is the outflow velocity and we calculate the
recombination temperature Trec from the density and entropy, as-
suming nuclear statistical equilibrium (e.g. QW96; their eq. [62]).
We calculate the velocity using mass continuity ˙M = ρvrA, where
A = 4πR2ns fopen(r/Rns)3 is the areal function of the dipolar flux tube
(recombination generally occurs interior to the light cylinder) and
fopen ≈ Rns/2RL is the fraction of the magnetosphere at the surface
open to outflows.
The entropy S (t) and expansion timescale τexp(t) for the wind
solution in Figure 1 are shown with dashed and dot-dashed lines,
respectively. Note that S is approximately constant in time because
the rising value of S (Ω = 0) ∝ L−1/6ν¯e ǫ−1/3ν¯e R−2/3ns (eq. [1]) is offset
by an increase in the exponential factor Pcent/P (eq. [2]). Also note
that at late times (
∼
> 100 s) the expansion timescale τexp becomes
comparable to the timescale over which the properties of the wind
are changing, suggesting that the steady-state assumption we have
adopted may break down. Although this does not affect the con-
clusions of this paper because we are focused on the jet properties
on timescales of tens of seconds, future numerical work is required
to more accurately address the properties of magnetized proto-NS
winds at late times and low neutrino luminosities.
The electron fraction Ye is important for two reasons. First,
the value of Ye determines the channel by which helium burns to
form carbon. Since this is the slowest reaction, Ye impacts the total
heavy element yield. Under proton-rich conditions (Ye ∼> 0.5), 12C
forms via the standard triple-α reaction sequence 4He(2α,γ)12C.
For Ye < 0.5, on the other hand, the neutron capture chan-
nel 4He(αn,γ)9Be(α,n)12C instead dominates (Woosley & Hoffman
1992). The electron fraction also determines the distribution of
heavy nuclei synthesized. When Ye ∼< 0.5, nuclei up to the
N=50 neutron closed shell (A ∼ 90) are created via alpha
particle and neutron captures, depending on Ye and the final
α fraction (e.g. Woosley & Hoffman 1992; Roberts et al. 2010;
Arcones & Montes 2010). If Ye is sufficiently low, even heav-
ier r-process elements (with characteristic peaks at A ≈ 130
and A ≈ 195) can be created by additional neutron captures
(e.g. Seeger et al. 1965). Under proton-rich conditions (Ye ∼> 0.5),
by contrast, mainly Fe-group elements (A ∼ 40−60) are created, al-
though for Ye ∼> 0.55 elements up to A ≈ 64 may be created by pro-
ton captures before the flow reaches ‘bottleneck’ nuclei3 with long
β−decay timescales such as 64Ge (e.g. Arcones & Montes 2010;
Roberts et al. 2010).
Although the nucleosynthesis is sensitive to Ye, its value in
proto-NS winds is rather uncertain. The surface of the proto-
magnetar is neutron rich (Ye ∼< 0.1), but as nucleons are accelerated
outwards in the wind they are irradiated by electron neutrinos and
antineutrinos. This drives Ye to a value ∼ 0.4 − 0.6 that depends
on the precise νe/ν¯e luminosities and spectra (Qian et al. 1993).4
The value of Ye is thus sensitive to the details of neutrino trans-
port and interactions (e.g. Rampp & Janka 2000; Mezzacappa et al.
3 Neutrino absorptions may allow these bottlenecks to be circumvented un-
der some circumstances (the so-called ‘ν−p process’; Fro¨hlich et al. 2006).
However, this is unlikely to be relevant in proto-magnetar winds because the
expansion timescale is much shorter than the neutrino capture timescale.
4 Metzger, Thompson & Quataert (2008) found that Ye can remain low if
the proto-magnetar is rotating extremely rapidly (P
∼
< 1 ms), such that mat-
ter is accelerated away from the surface before its composition is altered by
neutrinos. However, at the late times of interest for accelerating UHECRs
the proto-NS is unlikely to be rotating this rapidly because it loses appre-
ciable angular momentum to winds during even the first few seconds after
forming.
2001; Duan et al. 2010). Early SN calculations found that Ye de-
creased from
∼
> 0.5 at early times to
∼
< 0.5 as the proto-NS cooled
(Woosley et al. 1994). More recent calculations including addi-
tional neutral-current interactions, however, find that Ye rises from
∼ 0.5 to ∼ 0.6 on a timescale ∼ 10 seconds (Hu¨depohl et al. 2010).
Unfortunately, few calculations have yet been performed in the case
of rapidly spinning proto-NSs. Thompson et al. (2005) find that the
νe/ν¯e luminosities and temperatures at t ∼< 0.6 s are appreciably al-
tered in the case of core collapse with rapid rotation, such that Ye
is driven to a higher value than in the non-rotating case. It is, how-
ever, difficult to extrapolate their results to the much later times
∼ 10 − 100 s of interest here.
In our calculations below we consider both possibilities Ye <
0.5 and Ye ∼> 0.5, keeping in mind that the true electron fraction
probably lies in the range 0.4
∼
< Ye ∼< 0.6 and could vary with
time and from event to event, depending on e.g. the NS mass, rota-
tion rate, and obliquity. However, given the uncertainties, we can-
not rule out the possibility that Ye is appreciably lower, in which
case even heavier r-process elements with A
∼
> 100 are produced.
In particular, although present theory does not find the neces-
sary conditions for the second or third peak r-process in proto-NS
winds, indirect evidence (from e.g. Galactic chemical evolution)
suggests that the r-process indeed originates from core-collapse
SNe (e.g. Mathews et al. 1992).
Given S , τexp, and Ye, we estimate the total mass fraction Xh
synthesized in heavy nuclei (A
∼
> 56) using the following analytic
expressions from Roberts et al. (2010) (their eqs. [B3] and eq. [B3]
and [B11], cf. Hoffman et al. 1997):
Xh ≃ (3)
{
1 − exp
[
−8 × 105Y3e
(
τexp
ms
) (
S
kbnuc−1
)−3]}
, Ye < 0.5{
1 −
[
1 + 140(1 − Ye)2
(
τexp
ms
) (
S
kbnuc−1
)−2]−1/2}
, Ye > 0.5
.
(4)
The critical quantities in square brackets are essentially the reac-
tion rate for 4He → 12C integrated over the timescale available
for burning ∆t ∼ τexp. In the proton-rich case, the reaction rate
depends on the entropy squared because triple−α is an effective
three-body reaction and ρ ∝ 1/S at fixed temperature, while in the
neutron-rich case the reaction rate depends on entropy cubed be-
cause 4He(αn,γ)9Be(α,n)12C is an effective four-body reaction.
2.1.2 Results
Figure 2 shows the total mass fraction in heavy nuclei Xh (eq. [4])
as a function of time after core bounce, calculated for a magnetar
with Bdip = 5 × 1015 G and P0 = 2 ms, as in the wind model shown
in Figure 1. We show four models, corresponding to different val-
ues of the magnetic obliquity χ and the wind electron fraction Ye.
In the case of a neutron-rich outflow (Ye = 0.4), both aligned and
oblique rotators have Xh ∼ 1 throughout the entire wind phase;
heavy elements form efficiently because the 4He(αn,γ)9Be(α,n)12C
channel is fast and available (Woosley & Hoffman 1992). By con-
trast, proton-rich outflows have Xh ∼< 1 at all times because carbon
must form through the (slower) triple−α channel. Note that at fixed
Ye = 0.6, the heavy fraction is larger for an oblique rotator because
Xh depends sensitively on the wind entropy, which is suppressed in
equatorial outflows (eq. [2]). Although the precise value of Xh de-
pends on the (uncertain) value of Ye, we conclude that in all cases
a significant fraction of the mass of the wind is locked into heavy
c© 2010 RAS, MNRAS 000, 1–??
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Figure 2. Fraction of the mass in proto-magnetar winds that is synthesized
into heavy elements Xh (eq. [4]), calculated for a magnetar with dipole field
strength Bdip = 5 × 1015 G, initial spin period P0 = 2 ms, mass Mns =
1.4M⊙ (see Fig. 1). Four models are shown, calculated for both aligned
(magnetic obliquity χ = 0) and oblique (χ = π/2) rotators and for neutron-
rich (electron fraction Ye = 0.40) and proton-rich (Ye = 0.60) outflows. The
area shown in white denotes the epoch during which nuclei synthesized in
the wind may be accelerated to energies
∼
> 1020 eV according to the internal
shock model discussed in §3.2.
nuclei during the epoch of UHECR acceleration. Whatever mass is
not used to form heavy nuclei remains as Helium, i.e. XHe ≃ 1−Xh.
Although heavy nuclei may form deep in the wind, they
could in principle be destroyed at larger radii in the jet. In par-
ticular, spallation can occur if heavy nuclei collide with a parti-
cle of relative energy exceeding the nuclear binding energy ≈ 8
MeV nucleon−1. For heavy nuclei, the cross section for inelas-
tic nuclear collisions is ∼ 1 barn, similar to the Thomson (pho-
ton) cross section. Because the flow contains ∼ Z electrons per
nucleon, this implies that inelastic scattering is only important
at radii well inside the Thomson photosphere at rph ∼ 1011 cm
(e.g. Koers & Giannios 2007). If strong shocks were to take place
at these small radii, the resultant heating could in principle destroy
the nuclei. However, for the strongly magnetized jets under consid-
eration, the magnetization is probably still high at these radii, such
that strong shocks are highly suppressed (e.g. Kennel & Coroniti
1984). In particular, the radial profile of acceleration to a Lorentz
factor Γ ∝ rβ occurs more gradually in MHD jets (β ≈
1/3 − 1/2; Drenkhahn & Spruit 2002; Vlahakis & Ko¨nigl 2003a,b;
Komissarov et al. 2009; Tchekhovskoy et al. 2009; Granot et al.
2010) than in thermally-accelerated fireballs (β = 1). This implies
that full acceleration to Γ ∼ σ0 ∼ 100 − 1000 is generally only
possible at large distances (typically
∼
> 1012 cm), well into the re-
gion where the plasma is collisionless with respect to direct nuclear
collisions. We thus conclude it is unlikely that nuclei are destroyed
during the collimation and acceleration phase of the jet (although in
§3.3 we discuss the conditions under which nuclei are destroyed by
GRB photons during the subsequent UHECR acceleration phase).
2.2 Accretion-Powered Outflows
Heavy nuclei may also be produced in GRB outflows powered by
black hole accretion, provided that the jet is magnetically-driven.
If the jet threads the black hole event horizon (as occurs if its
power derives from the spin of the black hole; Blandford & Znajek
1977), then the outflow composition is effectively baryon-free near
the ergosphere. To what degree baryons are entrained in the jet
at larger radii depends on uncertain diffusive processes from the
jet walls, thereby making σ0 difficult to predict with confidence
(e.g. Levinson & Eichler 2003; McKinney 2005). The entropy in
this case depends on the amount of heating (due to e.g. ν− ν¯ annihi-
lation or magnetic reconnection) and this uncertain baryon loading.
If, on the other hand, the jet directly threads the sur-
face of the accretion disk (e.g. Blandford & Payne 1982), its
mass-loading may (as in proto-magnetar winds) be controlled
by neutrino heating in the disk atmosphere (e.g. Levinson
2006; Surman et al. 2006; Metzger, Thompson & Quataert 2008;
Metzger, Piro & Quataert 2008). In this case, the outflow is likely
to be proton-rich (Metzger, Thompson & Quataert 2008), with
an entropy and expansion timescale similar to those in proto-
magnetar winds, but depending on the accretion rate, black hole
mass, open magnetic field geometry, and wind launching radius
(see e.g. Metzger, Piro & Quataert 2008; their eqs. [24] and [26]).
Although the outflow properties are less certain than in proto-
magnetar winds, efficient nucleosynthesis may well lead to a heavy
fraction Xh ∼ 1 in accretion-powered outflows as well.
3 UHECR ACCELERATION IN PROTO-MAGNETAR
JETS
Near the light cylinder radius RL ∼ 100 km the power in
the magnetar wind is concentrated in the rotational equator
(e.g. Bucciantini et al. 2006). On larger scales the wind is col-
limated into a bipolar jet by its interaction with the progenitor
star (e.g. Uzdensky & MacFadyen 2007; Bucciantini et al. 2007,
2008, 2009). After the jet propagates through the star and ‘breaks
out’ of the surface on a timescale t ∼ 10 s (e.g. Aloy et al.
2000), the magnetar wind escapes through a relatively clear chan-
nel. High energy emission (the ‘GRB’) occurs when the jet dissi-
pates its energy via shocks or magnetic reconnection at larger radii
∼ 1013 − 1016 cm (see below). Although there are many potential
sources of short timescale variability in the outflow (e.g. interac-
tion of the jet with the confining stellar envelope), numerical sim-
ulations show that the time- and angle-averaged values of ˙E(t) and
σ0(t) (Fig. 1) match those set by the magnetar wind at much smaller
radii (e.g. Morsony et al. 2010). We assume that the opening angle
of the jet at the stellar surface is θj ∼ 4◦ (e.g. Bucciantini et al.
2009), such that the isotropic jet luminosity is related to the wind
power by ˙Eiso = ˙E/ fb, where fb = θ2j /2 ≃ 2 × 10−3 is the beaming
fraction.
If UHECRs originate from GRBs, they are probably acceler-
ated by the same dissipative mechanisms responsible for accelerat-
ing electrons and powering the GRB emission. For magnetically-
dominated outflows, most of the jet’s energy resides in Poynting
flux near the central engine; a sizable fraction of this magnetic en-
ergy must be converted into bulk kinetic energy in order to explain
the high Lorentz factors (Γ
∼
> 102) inferred from GRB observations
(e.g. Lithwick & Sari 2001). Depending on the means and efficacy
of acceleration in the jet, gamma-ray emission (and UHECR ac-
celeration) may be powered either by the dissipation of the jet’s
Poynting flux directly (‘magnetic reconnection’) near or above the
photosphere (§3.1); and/or via ‘internal shocks’ within the jet at
larger radii (§3.2).
Below we discuss the conditions for UHECR acceleration in
magnetar jets. Our treatment closely follows past work that relies
on direct constraints from GRB observations (e.g. Waxman 1995).
However, this is the first time that the analysis has been applied
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(a) Magnetic Reconnection
(b) Internal Shocks
Figure 3. The maximum energy Emax to which Fe nuclei can be accelerated
in the jet (left axis) as a function of time after core bounce, calculated for the
wind solution from Figure 1 and shown for both reconnection (top panel;
§3.1) and internal shock (bottom panel; §3.2) models. In each case both
the dynamical timescale constraint tacc ∼< texp and the synchrotron cooling
constraint tacc ∼< tcool are shown with solid lines; the limiting (minimum)
value of Emax at each time is shown in boldface. Dotted lines show the
optical depth to nuclear disintegration via the GRB photons τγ−N (right
axis; eq. [6]). The unshaded area denoted ‘HEAVY UHECRs’ represents
the epoch during which nuclei are simultaneously capable of reaching ultra-
high energies (i.e. Emax > 1020 eV) yet are not destroyed by GRB photons
(i.e. τγ−N < 10; see eq. [6]).
using a ‘first principles’ central engine model for the jet properties
and the location where dissipation occurs.
3.1 Acceleration by Magnetic Reconnection
One way reconnection can occur in the jet is if the rotation and
magnetic axes of the NS are misaligned (χ > 0), such that the out-
flow develops an alternating or ‘striped’ magnetic field geometry
on the scale of the light cylinder radius RL (Coroniti 1990). A sim-
ilar field geometry may result if the jet is susceptible to magnetic
instabilities (e.g. Giannios & Spruit 2006; McKinney & Blandford
2009; Moll 2009). If this non-axisymmetric pattern is preserved
when the flow is redirected along the polar jet, the resulting geom-
etry is conducive to magnetic reconnection. We adopt the model de-
veloped by Drenkhahn & Spruit (2002), in which magnetic dissipa-
tion occurs gradually from small radii up to the ‘saturation’ radius
r ∼ Rmag ≃ σ20Pc/6ǫ, beyond which reconnection is complete and
the flow achieves its terminal Lorentz factor, where ǫ = vr/c and
vr is the reconnection speed (see also Lyubarsky 2010). During this
process, approximately half the Poynting flux is directly converted
into kinetic energy (producing acceleration) and the other half is
deposited into the internal (thermal) energy of the flow. We assume
a fixed value ǫ = 0.01 independent of radius (e.g. Uzdensky et al.
2010), but our results would be qualitatively unchanged if recon-
nection were ‘triggered’ abruptly when, for instance, the outflow
transitions to a collisionless regime (e.g. McKinney & Uzdensky
2010).
One important constraint on a potential UHECR source is
the maximum energy Emax to which cosmic rays can be acceler-
ated. One mechanism for accelerating particles in regions of mag-
netic reconnection is first-order Fermi acceleration, which occurs
when particles are deflected at the converging upstream in the re-
connection flow (Giannios 2010; see e.g. Lyutikov & Ouyed 2007
for an alternative possibility). For sufficiently fast reconnection,
the acceleration timescale is very short, similar to the Larmor gy-
ration timescale tacc ≃ ηacc2πE′/ZeB′c, where E′ = E/Γ and
B′ ≃ ( ˙Eisor−2Γ−2c−1)1/2 are the particle energy and magnetic field
strength (evaluated at r = Rmag), respectively, in the jet rest frame;
Γ ∼ σ0/2 is the bulk Lorentz factor in the acceleration zone; and
ηacc ∼ 1 is a fudge factor that parametrizes our ignorance of e.g. the
precise reconnection geometry. One constraint on Emax is that tacc
must be
∼
< the jet expansion timescale texp ≃ Rmag/Γc, such that cos-
mic rays can be accelerated within the dynamical timescale of the
flow (Hillas 1984). If the expansion timescale constraint does in-
deed determine Emax , heavy nuclei achieve a value of Emax that is a
factor of ∼ Z larger than protons. Another constraint arises because
the acceleration competes with cooling of the nucleus. The domi-
nant cooling mechanism is synchrotron emission, which occurs on
a timescale
tcool ≃
3A4m4pc7Γ
Z4e4B′2E
≈ 0.3 s ǫ−1mag
( A
56
)4 ( Z
28
)−4
×
( E
1020 eV
)−1 (
˙Eiso
1052 erg s−1
)−1 (
Γ
100
)3 (
r
1013 cm
)2
, (5)
where ǫmag is the fraction of jet power carried by Poynting flux and
is ∼ 1 in the case of reconnection-powered outflows.
The top panel of Figure 3 shows Emax in the reconnection
model as a function of time, based on the two independent con-
straints tacc ∼< texp and tacc ∼< tcool and calculated for the same mag-
netar wind shown in Figure 1, assuming ηacc = 1. We also assume
a pure Fe composition, although our results are similar if the com-
position is instead dominated by heavier nuclei (A
∼
> 90). Note that
at the earliest times (t
∼
< 15 s in this example) synchrotron losses
place the most severe constraint on Emax, but at later times (t ∼> 15 s)
the expansion timescale constraint is more severe. As we discuss in
§3.3 below, a more severe constraint at early times arises because
heavy nuclei can be disintegrated by the GRB photons. The time
interval shown in white (20 s
∼
< t
∼
< 50 s) denotes the epoch during
which heavy nuclei both survive photodisintegration and achieve
values of Emax ∼> 10
20 eV which are sufficient to explain UHECRs.
During this epoch ∼ 1051 ergs of rotational energy is extracted from
the magnetar, a large fraction of which could be placed into UHE-
CRs.
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3.2 Acceleration by Internal Shocks
If the jet is accelerated efficiently, then a significant fraction of its
Poynting flux is converted into kinetic energy. Because σ0 ∼ Γ in-
creases monotonically during the GRB (Fig. 1), slower material is
released prior to faster material. Strong shocks will occur once the
faster material catches up, provided that the residual magnetiza-
tion of the jet at the collision radius is
∼
< 0.1 (Kennel & Coroniti
1984). This scenario is similar to the standard internal shock
model for GRB emission (e.g. Rees & Meszaros 1994), except
that the shock occurs between the fast-moving jet and the ‘bulk’
shell composed of the total mass released at earlier times (see
Metzger, Quataert & Thompson 2008 and Metzger et al. 2010 for
a detailed description).
If UHECRs are accelerated by internal shocks (e.g. via Fermi
acceleration; Gallant et al. 1999), the conditions on Emax are quite
similar to the case of magnetic reconnection discussed above
(i.e. tacc ∼< texp and tacc ∼< tcool, with ηacc ∼ 1), except that (1) shocks
occur at larger radii; (2) the Lorentz factor of the shock is no longer
the instantaneous value of the jet Γ ∼ σ0, but rather the average
of the material released since jet break-out; and (3) the magnetic
field necessarily carries a smaller fraction ǫB ≪ 1 of the jet power
than in the reconnection case (ǫB ∼ 1), such that strong shocks are
possible. In the bottom panel in Figure 3 we show the constraints
on Emax in the internal shock model, assuming ǫB = 0.1, ηacc = 1
(e.g. Achterberg et al. 2001), and an Fe composition. Note that syn-
chrotron losses are unimportant in this case, such that the expansion
timescale constraint tacc ∼< texp sets Emax at all times. Again, the time
interval in white denotes the epoch when heavy nuclei survive pho-
todisintegration (see below) and Emax ∼> 1020 eV and ending only
when the GRB ends at t ≈ 60 s. We conclude that regardless of
whether jet dissipates its energy via reconnection or shocks, UHE-
CRs with Emax ∼> 10
20 eV can be produced simultaneous with the
epoch of GRB emission.
3.3 Photodisintegration at the Source
For heavy nuclei to escape the jet, they must avoid photodisinte-
gration (primarily via giant dipole resonances; GDR) and other en-
ergy loss mechanisms (e.g. pion production, two nucleon emission,
photo-absorption) due to interaction with the GRB photons. The
‘Band’ function that characterizes GRB spectra peaks at a char-
acteristic energy Ep ∼ 0.1 − 1 MeV. This corresponds to an en-
ergy E′p ≈ Ep/Γ in the rest frame of the jet and an energy E′′p ≈
EpγA/Γ2 ≈ 60 GeV(Ep/300 keV)E20A−156 (Γ/102)−2 in the rest frame
of a cosmic ray with (observer frame) energy E = γAAmpc2, where
E20 ≡ E/1020 eV and A56 ≡ A/56. GDR and pion production occur
at typical energies ǫ¯GDR ∼ 18A−0.2156 MeV and ǫ¯∆ ∼ 0.3 GeV, respec-
tively, which are both typically below the Band peak E′′p . Below the
peak the Band spectrum has a power-law shape dNγ/dEγ ∝ Eαγ ,
where α ≈ −1 (e.g. Nava et al. 2010). For α = −1 the num-
ber of photons per logarithmic frequency interval around the res-
onance is approximately constant, such that in the jet rest frame
N′γ ≡
∫
(dNγ/dEγ)dEγ ≈ CU ′γ/E
′
p, where U
′
γ ≈
˙Eisoǫrad/(4πr2cΓ2)
is the total photon energy density, ǫrad ∼ 0.1 − 1 is the radiative
efficiency of the jet, and C ∼ 0.2 is the fraction of the gamma-ray
energy released below the Band peak.
From these considerations we estimate that the number of in-
teractions (photodisintegrations or pion-producing) experienced by
an UHECR is given by
τγ−N ≈ N
′
γσr(∆ǫr/ǫ¯r)∆R
′
≈
˙EisoǫradCσr(∆ǫr/ǫ¯r)
4πEprcΓ2
, (6)
where ∆R′ is the pathlength traversed by a nucleus as it is accel-
erated and escapes the acceleration region, which is approximately
equal to the characteristic radius of the outflow in the comoving
frame ≈ r/Γ; and σr, ǫ¯r and ∆ǫr are the resonance cross-section,
energy, and width, respectively. For heavy nuclei GDR dominates
pion production and other energy loss mechanisms, so we assume a
line width∆ǫr/ǫ¯r ∼ 0.4A0.2156 and cross section σr ∼ 8×10
−26A56 cm2
appropriate for GDR (e.g. Khan et al. 2005; Murase et al. 2008;
Pe’er et al. 2009).
On the right axes in Figure 3 we plot τγ−N (eq. [6]) as a func-
tion of time in both reconnection and internal shock models, cal-
culated assuming ǫrad = 0.5, C = 0.2, and a pure Fe composition.
We define the criterion for the survival of a nucleus as τγ−N < 10
because a nucleus can experience ∼ 10 photodisintegrations before
its composition is appreciably altered (see also §4.1 below). Note
that τγ−N ≫ 10 immediately after jet break-out, which shows that
heavy nuclei synthesized at early times are destroyed. However, be-
cause Γ and the acceleration radius r both increase monotonically
during the burst τγ−N ∝ Γ−2r−1 decreases rapidly with time, such
that heavy nuclei survive (i.e. τγ−N ∼< 10) at times t ∼> 15 − 20 s.
4 FROM THE SOURCE TO EARTH
The propagation of UHECRs through intergalactic space is impor-
tant because their attenuation by the CMB/EBL and deflection by
magnetic fields determines the maximum distance of sources and
the time delay td between the GRB and their arrival on Earth. Al-
though the propagation of protons and nuclei have been studied
extensively in previous works (e.g. Allard et al. 2005; Takami et al.
2006; Allard et al. 2008; Hooper & Taylor 2010), we extend these
considerations to the novel case of ultra-heavy nuclei.
4.1 Photodisintegration by the EBL
In this section we estimate the distance a heavy nucleus travels
before it loses a significant fraction of its energy to interactions
with the CMB and EBL (neglecting the effects of magnetic fields
for the moment; in §4.2 we discuss the validity of this assump-
tion). As in the GRB jet, Giant Dipole Resonances (GDRs) are
the most important interaction. A nucleus of mass A and energy
EA = γAAmpc2 interacts via GDR with a EBL photon of en-
ergy ǫ¯′′GDR ≃ ǫ¯GDR/γA ≃ 5 × 10−3A56E−120 eV. Nuclei with energies
E ∼ 1019.5−20 eV and masses less than that of Fe generally inter-
act with the CMB, which dominates over other photon sources at
E
∼
< ECMB ≈ 5 × 10−3 eV. Intermediate mass elements (e.g. He,
C, O, Si) with ultra-high energies therefore have very short path-
lengths through the EBL and are likely to arrive at Earth as sec-
ondary protons (e.g. Allard et al. 2005; Allard et al. 2008).
Nuclei in the Fe group or heavier with E20 ∼ 1, by con-
trast, have ǫ¯′′GDR ∼> ECMB and instead interact with the the extra-
galactic infrared background (EIB). We approximate the EIB spec-
trum as dNγ/dEγ ∝ E−2.5γ (e.g. Malkan & Stecker 1998; Dole et al.
2006), such that the number of photons per decade in frequency
Nγ ≡
∫
(dNγ/dEγ)dEγ ∝ E−1.5γ . Thus, for nuclei with ǫ¯
′′
GDR ∼> ECMB
(i.e. A56E−120 ∼> 1), we (crudely) estimate the mean free path for a
single GDR interaction as
λ0 ≃
1
Nγ(E = ǫ¯′′GDR)σGDR(∆ǫGDR/ǫ¯GDR)
≈ 10E−1.520 A0.356 Mpc, (7)
where we have used the fact that σGDR ∝ A, ǫ¯GDR ∝ A−0.2, and have
normalized λ0 using the results of Allard et al. (2005).
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Equation (7) represents the distance before a single nucleon
or α particle is ejected. In order to calculate the total energy loss
length χ75 (defined as the distance until a nucleus loses ∼ 25% of
its initial energy), we must determine how λ changes as the nucleus
is torn apart. Because nuclei are ejected at subrelativistic speeds in
the rest frame of the parent nucleus, in the lab frame they share
the same Lorentz factor as the parent. Thus, the parent energy E
decreases proportional to its mass ∝ A, with its Lorentz factor re-
maining constant at its initial value γA. As a result, the parent nu-
cleus continues to interact with the same radiation background of
energy ∼ EGDR/γA, i.e. Nγ ∼ constant. However, because the disin-
tegration cross section decreases (∆ǫGDR/ǫ¯GDR) × σGDR ∝ A1.2, the
mean free path increases as λ ∝ A−1.2. The total energy loss length
is therefore given by the sum of the individual mean free paths
χ75 ≈ n¯
−1
ej
A∑
i=3A/4
λi = n¯
−1
ej λ0A
1.2
A∑
i=3A/4
i−1.2 ≈ λ0A1.2n¯−1ej
∫ A
3A/4
x−1.2dx
≈ 0.3λ0An¯−1ej ≈ 170E−1.520 A1.356 n¯ej
−1 Mpc, (8)
where n¯ej ∼ 1 is the mean number of nucleons ejected per disinte-
gration.
Equation (8) illustrates that at a fixed (measured) energy E ∼
1020 eV, the distance of accessible sources increases as D ∼ χ75 ∝
A1.3. Although the accessible distance to Fe-rich sources is (by co-
incidence) similar to that of protons (χ75 ∼ 150 Mpc), sources rich
in nuclei with A ≈ 90(200) nuclei (as predicted if the jet is neutron-
rich) are observable to a distance ∼ 2(5) times larger. Such an in-
crease in the number of accessible volume potentially alleviates en-
ergetic constraints on GRBs as UHECR sources (e.g. Eichler et al.
2010) by expanding the number of sources within the GZK horizon.
We emphasize, however, that our above analysis has neglected sev-
eral potentially relevant details (e.g. evolution of the EBL with red-
shift, energy losses to e−/e+ production). A full propagation study
will be necessary to determine whether a composition rich in ultra-
heavy nuclei Xh ∼ 1 (and with a potentially significant He mass
fraction XHe ≃ 1 − Xh) is consistent with the measured UHECR
spectrum and composition.
4.2 UHECR energetics and limits on the intergalactic
magnetic field
We now discuss constraints on GRB energetics, and place limits on
the strength of the intergalactic magnetic field, that are consistent
with the hypothesis that heavy nuclei from GRBs are the primary
source of UHECRs.
If the injected UHECR spectrum is a power-law dN/dE ∝
E−s with s
∼
> 2, then the minimum source power per volume
Emin required to explain the observed UHECR flux is dominated
by the smallest observed energies ∼ 1019 eV and is given by
Emin ∼ E2 d
˙N
dE |1019 eV ≈ (0.5–2) × 1044 erg Mpc−3 yr−1 depend-
ing on s (Waxman 1995; Berezinsky et al. 2006; Katz et al. 2009;
Murase & Takami 2009), although this value may be somewhat
smaller for a composition containing ultra-heavy nuclei because
of their larger accessible distance ∝ χ75 (eq. [8]). Each GRB
must then on average contribute an (isotropic) energy ǫCREisoGRB ∼>
1054( f /10)( ˙NGRB/0.5 Gpc−3 yr−1)−1 ergs, where ǫCR is the ratio
of the energy placed into UHECRs to that radiated as gamma-
rays; ˙NGRB is the local GRB rate (e.g. Guetta et al. 2005); and
f = ∫ E(dN/dE)dE/Emin > 1 is the factor by which Emin under-
stimates the total cosmic ray energy. For s
∼
> 2, the correction f
is generally large (
∼
> 10), which may place severe constraints on
GRB models for UHECR by requiring that ǫCR be unphysically
high (e.g. Eichler et al. 2010). If, on the other hand, the acceler-
ated spectrum is shallow (s
∼
< 2), the total energy is dominated by
the largest energies ∼ Emax, such that the lower limit on ǫCREiso,totGRB is
probably much less severe. As we discuss in §5, a shallow injected
spectrum also appears to be consistent with several other features
of GRB models dominated by heavy nuclei.
We now discuss constraints on the intergalactic magnetic field.
Although the (undeflected) path length of heavy UHECRs may be
quite large (eq. [8]), heavy nuclei can be deflected significantly by
the intergalactic field. In particular, too strong of a field results in a
large deflection angle θd >∼ 1 rad, which would significantly reduce
the accessible volume of sources (e.g. Piran 2010). For an inter-
galactic magnetic fields Bint of correlation length δ, the deflection
angle of a particle traveling a distance D ∝ χ75 is
θd ∼
1
2
(D/δ)1/2δ/Rl, (9)
where Rl = E/ZeBint is the Larmor radius of the particle. Setting
θd ∼ 1 rad gives an upper limit on the magnetic field strength:
Bint <∼ 7 × 10
−10E20 D−1/2100 δ
−1/2
Mpc Z
−1
30 G, (10)
where D100 ≡ D/100 Mpc, δMpc ≡ δ/1 Mpc, and Z30 ≡ Z/30.
This limit is not particularly stringent because observational probes
of intercluster magnetic fields constrain their strength on cor-
relation lengths δ >∼ 1 Mpc to be less than ∼ 1nG (see, e.g.,
Neronov & Semikoz 2009).
A minimum intergalactic field strength can be derived by the
requirement that ∼ 1020 eV cosmic rays suffer the minimum de-
flection that results in a spread in their arrival time after the GRB,
such that at least one source within the GZK volume contributes to
the local UHECR flux at any instant (e.g. Waxman & Loeb 2009).
For an observed local rate ˙NGRB ∼ 0.5 Gpc−3yr−1 (Guetta et al.
2005), the rate that GRBs occur within a sphere of radius D is
R ∼ 2× 10−3 yr−1D3100. Since the duration of a GRB tGRB is ≪ R−1,
the cosmic ray signal must reach Earth with a spread in arrival times
td > R−1 = 500D−3100yr, such that at least one 1020 eV source con-
tributes at any given time. Since the time delay is related to the
deflection angle via td ∼ Dθ2d/4c, we use equation (9) to arrive at a
lower limit on the magnetic field strength:
Bint > 2 × 10−12E20D−5/2100 δ
−1/2
Mpc Z
−1
30 G, (11)
For A ∼ 100 and Z ∼ 40 nuclei the attenuation length is D ∼ χ75 ∼
300 Mpc (eq. [8]), resulting in the requirement Bint > 10−13 G.
Although the strength of the extragalactic magnetic fields is
poorly constrained by observations, the limits given by equations
(10) and (11) allow for a reasonably wide range of field strengths
consistent with heavy nuclei from GRBs as the source of UHE-
CRs. We note that, in addition to the intergalactic field, UHECRs
may interact with the more localized fields associated with large
scale structure formation (e.g. galaxy clusters). Although it is dif-
ficult to predict the magnitude of this effect with confidence, the
deflection angle and delay time could in principle be significantly
enhanced (e.g. Das et al. 2008; see, however, Dolag et al. 2005).
Likewise, a constraint similar to equation (11) arises by requir-
ing that the angular distribution of sources on the sky be consis-
tent with with the lack of small scale anisotropy observed by PAO
(Takami & Sato 2008); evaluating this constraint in the context of
ultra-heavy nuclei is, however, nontrivial and will require addi-
tional work (cf. Murase & Takami 2009).
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5 DISCUSSION
The spectrum and composition of UHECRs measured by Auger
are consistent with an accelerated composition dominated by heavy
nuclei. However, until now there has been no astrophysical motiva-
tion for considering such a source. In this paper, we have shown
that magnetically-dominated GRB outflows may synthesize heavy
A ≈ 40 − 200 nuclei as they expand away from the central engine
(Fig. 2). Focusing on the millisecond proto-magnetar model, we
have shown that the regions of magnetic reconnection or shocks
responsible for the GRB emission also allow heavy nuclei to be
accelerated to ultra-high energies Emax ∼> 10
20 eV while not being
disintegrated by GRB photons (Fig. 3).
Models that invoke GRBs as the source of UHECRs have
been criticized on the grounds that the required energetics may
be insufficient if the rate and observed gamma-ray fluences from
GRBs are a proxy for the UHECR flux (e.g. Farrar & Gruzinov
2009; Eichler et al. 2010). However, this argument depends on the
(uncertain) local rate of GRBs (e.g. Le & Dermer 2007), the frac-
tion of the jet energy used to accelerate baryons (versus elec-
trons; e.g. Sironi & Spitkovsky 2011), and the slope of the in-
jected UHECR spectrum. It is thus interesting to note that a shal-
low injected energy spectrum both alleviates GRB energetic con-
straints (§4.2) and may be necessary to fit the UHECR spectrum
and composition measured by Auger if the injected composition
is indeed dominated by heavy nuclei (e.g. Hooper & Taylor 2010).
Metzger et al. (2010) found that observed GRB spectra were best
understood in the proto-magnetar model if magnetic reconnection
(§3.1) was responsible for powering the prompt gamma-ray emis-
sion rather than shocks (§3.2). It is thus also important to note that
numerical studies of magnetic reconnection indeed tend to predict
flat accelerated spectra (e.g. Romanova & Lovelace 1992).
Because the electron fraction in GRB outflows is uncertain,
we cannot determine whether the heavy nuclei synthesized in GRB
outflows are dominated by Fe group elements (A ∼ 40 − 60) or
whether the distribution extends to even heavier nuclei (A
∼
> 90). If
the latter are present in at least a modest subset of events, a unique
prediction of our model is that the UHECR composition may con-
tinue to increase to nuclei heavier than Fe at yet higher energies
∼
> 1020 eV. Making a measurement of the composition that is suf-
ficiently accurate to test this prediction will, however, require both
better statistics and a better understanding of the hadronic physics
used to interpret the air showers.
Another consequence of an ultra-heavy composition is that
the accessible distance of sources may be appreciably larger than
for Fe or protons (see §4.1 and eq. [8]). This alleviates energetic
constraints on the GRB model for UHECRs, provided that the in-
tergalactic magnetic field is not too strong (§4.2). Although heavy
nuclei probably compose a substantial fraction of the mass Xh ∼ 1
in magnetized GRB outflows, the remainder is locked into 4He.
Helium is easily disintegrated into protons by the EBL and hence
could contribute to the proton flux near the ankle. Alternatively,
the proton-rich composition measured near the ankle could be sec-
ondary particles produced by the disintegration of heavier nuclei
by the EBL, or they could represent an entirely different source of
UHECRs (Galactic or extra-galactic).
If heavy nuclei from GRBs are indeed an important source
of UHECRs, this would have several important consequences
for GRB physics. For one, it would imply that GRBs outflows
are magnetically-dominated, rather than thermally-driven fireballs
(at least at their base). There is in fact growing evidence from
Fermi observations that GRB jets may be magnetically-dominated
(e.g. Zhang & Pe’er 2009). If heavy nuclei are accelerated in GRB
jets, this would also disfavor models in which GRBs are powered
by heating from neutron-proton collisions (Beloborodov 2010).
The high densities in magnetically-driven outflows make in un-
likely that free nuclei will avoid being captured into heavy nuclei.
ACKNOWLEDGMENTS
We thank L. Roberts, E. Quataert, H. Takami, K. Murase and
J. Beacom for helpful discussions and information. We thank
T. Thompson for helpful discussions and for encouraging our
work on this topic. BDM is supported by NASA through Einstein
Postdoctoral Fellowship grant number PF9-00065 awarded by the
Chandra X-ray Center, which is operated by the Smithsonian As-
trophysical Observatory for NASA under contract NAS8-03060.
DG acknowledges support from the Lyman Spitzer, Jr. Fellowship,
awarded by the Department of Astrophysical Sciences at Prince-
ton University. SH was supported by NSF CAREER Grant PHY-
0547102 (to J. Beacom).
REFERENCES
Abbasi R. U., et al., 2005, ApJ, 622, 910
Abbasi R. U., et al., 2008, Physical Review Letters, 100, 101101
Abraham J., Abreu P., Aglietta M., Aguirre C., Allard D.,
Allekotte I., Allen J., Allison P., Alvarez-Mun˜iz J., Ambrosio
M., et al. 2008, Physical Review Letters, 101, 061101
Abraham J., Abreu P., Aglietta M., Ahn E. J., Allard D., Allekotte
I., Allen J., Alvarez-Mun˜iz J., Ambrosio M., Anchordoqui L., et
al. 2010, Physical Review Letters, 104, 091101
Achterberg A., Gallant Y. A., Kirk J. G., Guthmann A. W., 2001,
MNRAS, 328, 393
Allard D., Busca N. G., Decerprit G., Olinto A. V., Parizot E.,
2008, Journal of Cosmology and Astroparticle Physics, 10, 33
Allard D., Parizot E., Olinto A. V., Khan E., Goriely S., 2005,
A&A, 443, L29
Aloy M. A., Mu¨ller E., Iba´n˜ez J. M., Martı´ J. M., MacFadyen A.,
2000, ApJL, 531, L119
Arcones A., Montes F., 2010, ArXiv e-prints
Armengaud E., 2008, in International Cosmic Ray Conference
Vol. 4 of International Cosmic Ray Conference, Search for large-
scale anisotropies with the Auger Observatory. pp 175–178
Arons J., 2003, ApJ, 589, 871
Beloborodov A. M., 2003, ApJ, 588, 931
Beloborodov A. M., 2010, MNRAS, 407, 1033
Berezinsky V., Gazizov A., Grigorieva S., 2006, Phys. Rev. D, 74,
043005
Berezinsky V., Gazizov A. Z., Grigorieva S. I., 2002, ArXiv As-
trophysics e-prints
Bethe H. A., Wilson J. R., 1985, ApJ, 295, 14
Blandford R., Eichler D., 1987, Physics Reports, 154, 1
Blandford R. D., Payne D. G., 1982, MNRAS, 199, 883
Blandford R. D., Znajek R. L., 1977, MNRAS, 179, 433
Bucciantini N., Quataert E., Arons J., Metzger B. D., Thompson
T. A., 2007, MNRAS, 380, 1541
Bucciantini N., Quataert E., Arons J., Metzger B. D., Thompson
T. A., 2008, MNRAS, 383, L25
Bucciantini N., Quataert E., Metzger B. D., Thompson T. A.,
Arons J., Del Zanna L., 2009, MNRAS, 396, 2038
c© 2010 RAS, MNRAS 000, 1–??
10 B. D. Metzger, D. Giannios, & S. Horiuchi
Bucciantini N., Thompson T. A., Arons J., Quataert E., Del Zanna
L., 2006, MNRAS, 368, 1717
Burrows A., Hayes J., Fryxell B. A., 1995, ApJ, 450, 830
Burrows A., Lattimer J. M., 1986, ApJ, 307, 178
Cardall C. Y., Fuller G. M., 1997, ApJL, 486, L111+
Chakraborti S., Ray A., Soderberg A., Loeb A., Chandra P., 2010,
ArXiv e-prints
Coroniti F. V., 1990, ApJ, 349, 538
Das S., Kang H., Ryu D., Cho J., 2008, ApJ, 682, 29
Dermer C., 2010, ArXiv e-prints
Dermer C. D., Razzaque S., Finke J. D., Atoyan A., 2009, New
Journal of Physics, 11, 065016
Dolag K., Grasso D., Springel V., Tkachev I., 2005, JCAP, 1, 9
Dole H., Lagache G., Puget J., Caputi K. I., Ferna´ndez-Conde N.,
Le Floc’h E., Papovich C., Pe´rez-Gonza´lez P. G., Rieke G. H.,
Blaylock M., 2006, A&A, 451, 417
Drenkhahn G., Spruit H. C., 2002, A&A, 391, 1141
Duan H., Friedland A., McLaughlin G. C., Surman R., 2010,
ArXiv e-prints
Duncan R. C., Shapiro S. L., Wasserman I., 1986, ApJ, 309, 141
Eichler D., Guetta D., Pohl M., 2010, ApJ, 722, 543
Eichler D., Livio M., Piran T., Schramm D. N., 1989, Nature, 340,
126
Farrar G. R., Gruzinov A., 2009, ApJ, 693, 329
Fro¨hlich C., Martı´nez-Pinedo G., Liebendo¨rfer M., Thielemann
F., Bravo E., Hix W. R., Langanke K., Zinner N. T., 2006, Phys-
ical Review Letters, 96, 142502
Gallant Y. A., Achterberg A., Kirk J. G., 1999, Astronomy & As-
trophysics, 138, 549
Ghisellini G., Ghirlanda G., Tavecchio F., Fraternali F., Pareschi
G., 2008, MNRAS, 390, L88
Giannios D., 2010, MNRAS, 408, L46
Giannios D., Spruit H. C., 2006, A&A, 450, 887
Granot J., Komissarov S., Spitkovsky A., 2010, ArXiv e-prints
Greisen K., 1966, Phys. Rev. Lett., 16, 748
Guetta D., Piran T., Waxman E., 2005, ApJ, 619, 412
Hillas A. M., 1984, Annual Reviews of Astronomy & Astro-
physics, 22, 425
Hillas A. M., 2005, Journal of Physics G Nuclear Physics, 31, 95
Hoffman R. D., Woosley S. E., Qian Y., 1997, ApJ, 482, 951
Honda M., 2009, ApJ, 706, 1517
Hooper D., Taylor A. M., 2010, Astroparticle Physics, 33, 151
Hu¨depohl L., Mu¨ller B., Janka H., Marek A., Raffelt G. G., 2010,
Physical Review Letters, 104, 251101
Inoue S., Sigl G., Miniati F., Armengaud E., 2007, ArXiv Astro-
physics e-prints
Kashti T., Waxman E., 2008, JCAP, 5, 6
Katz B., Budnik R., Waxman E., 2009, JCAP, 3, 20
Kennel C. F., Coroniti F. V., 1984, ApJ, 283, 694
Khan E., Goriely S., Allard D., Parizot E., Suomija¨rvi T., Koning
A. J., Hilaire S., Duijvestijn M. C., 2005, Astroparticle Physics,
23, 191
Koers H. B. J., Giannios D., 2007, A&A, 471, 395
Komissarov S. S., Vlahakis N., Ko¨nigl A., Barkov M. V., 2009,
MNRAS, 394, 1182
Kotera K., Allard D., Murase K., Aoi J., Dubois Y., Pierog T.,
Nagataki S., 2009, ApJ, 707, 370
Le T., Dermer C. D., 2007, ApJ, 661, 394
Lemoine M., 2002, A&A, 390, L31
Levinson A., 2006, ApJ, 648, 510
Levinson A., Eichler D., 2003, ApJL, 594, L19
Lithwick Y., Sari R., 2001, ApJ, 555, 540
Lyubarsky Y., 2010, ApJL, 725, L234
Lyutikov M., Ouyed R., 2007, Astroparticle Physics, 27, 473
Malkan M. A., Stecker F. W., 1998, ApJ, 496, 13
Mannheim K., Biermann P. L., 1992, A&A, 253, L21
Mathews G. J., Bazan G., Cowan J. J., 1992, ApJ, 391, 719
McKinney J. C., 2005, ArXiv Astrophysics e-prints
McKinney J. C., Blandford R. D., 2009, MNRAS, 394, L126
McKinney J. C., Uzdensky D. A., 2010, arXiv:1012.1904 [astro-
ph.HE]
Metzger B. D., Giannios D., Thompson T. A., Bucciantini N.,
Quataert E., 2010, arXiv:1012.0001v1 [astro-ph.HE]
Metzger B. D., Piro A. L., Quataert E., 2008, MNRAS, 390, 781
Metzger B. D., Quataert E., Thompson T. A., 2008, MNRAS, 385,
1455
Metzger B. D., Thompson T. A., Quataert E., 2007, ApJ, 659, 561
Metzger B. D., Thompson T. A., Quataert E., 2008, ApJ, 676,
1130
Meyer B. S., Brown J. S., 1997, ApJ Supplements, 112, 199
Mezzacappa A., Liebendo¨rfer M., Messer O. E., Hix W. R.,
Thielemann F., Bruenn S. W., 2001, Physical Review Letters,
86, 1935
Milgrom M., Usov V., 1995, ApJL, 449, L37+
Moll R., 2009, A&A, 507, 1203
Morsony B. J., Lazzati D., Begelman M. C., 2010, ApJ, 723, 267
Murase K., Ioka K., Nagataki S., Nakamura T., 2006, ApJL, 651,
L5
Murase K., Ioka K., Nagataki S., Nakamura T., 2008, Phys Rev. D,
78, 023005
Murase K., Takami H., 2009, ApJL, 690, L14
Nagano M., Watson A. A., 2000, Reviews of Modern Physics, 72,
689
Nava L., Ghirlanda G., Ghisellini G., Celotti A., 2010, ArXiv e-
prints
Neronov A., Semikoz D. V., 2009, Phys Rev. D, 80, 123012
Pe’er A., Murase K., Me´sza´ros P., 2009, Phys Rev. D, 80, 123018
Piran T., 2010, ArXiv e-prints
Pons J. A., Reddy S., Prakash M., Lattimer J. M., Miralles J. A.,
1999, ApJ, 513, 780
Qian Y., Fuller G. M., Mathews G. J., Mayle R. W., Wilson J. R.,
Woosley S. E., 1993, Physical Review Letters, 71, 1965
Qian Y., Woosley S. E., 1996, ApJ, 471, 331
Rampp M., Janka H., 2000, ApJL, 539, L33
Rees M. J., Meszaros P., 1994, ApJL, 430, L93
Roberts L. F., Woosley S. E., Hoffman R. D., 2010, ApJ, 722, 954
Romanova M. M., Lovelace R. V. E., 1992, A&A, 262, 26
Seeger P. A., Fowler W. A., Clayton D. D., 1965, ApJ Supple-
ments, 11, 121
Sironi L., Spitkovsky A., 2011, ApJ, 726, 75
Sokolsky P., Thomson G. B., 2007, Journal of Physics G Nuclear
Physics, 34, 401
Surman R., McLaughlin G. C., Hix W. R., 2006, ApJ, 643, 1057
Takami H., Horiuchi S., 2010, ArXiv e-prints
Takami H., Nishimichi T., Yahata K., Sato K., 2009, JCAP, 6, 31
Takami H., Sato K., 2008, Astroparticle Physics, 28, 529
Takami H., Sato K., 2009, Astroparticle Physics, 30, 306
Takami H., Yoshiguchi H., Sato K., 2006, ApJ, 639, 803
Tchekhovskoy A., McKinney J. C., Narayan R., 2009, ApJ, 699,
1789
The Pierre Auger Collaboration: J. Abraham Abreu P., Aglietta
M., Aguirre C., Ahn E. J., Allard D., Allekotte I., Allen J.,
Alvarez-Mun˜iz J., Ambrosio M., et al. 2009, ArXiv e-prints
Thompson C., 2008, ApJ, 688, 1258
c© 2010 RAS, MNRAS 000, 1–??
Heavy nuclei UHECRs in GRB outflows 11
Thompson T. A., Chang P., Quataert E., 2004, ApJ, 611, 380
Thompson T. A., Quataert E., Burrows A., 2005, ApJ, 620, 861
Usov V. V., 1992, Nature, 357, 472
Uzdensky D. A., Loureiro N. F., Schekochihin A. A., 2010, ArXiv
e-prints
Uzdensky D. A., MacFadyen A. I., 2007, ApJ, 669, 546
Vietri M., 1995, ApJ, 453, 883
Vlahakis N., Ko¨nigl A., 2003a, ApJ, 596, 1080
Vlahakis N., Ko¨nigl A., 2003b, ApJ, 596, 1104
Waxman E., 1995, Physical Review Letters, 75, 386
Waxman E., 2004, ApJ, 606, 988
Waxman E., 2006, Nuclear Physics B Proceedings Supplements,
151, 46
Waxman E., Loeb A., 2009, Journal of Cosmology and Astropar-
ticle Physics, 8, 26
Woosley S. E., 1993, ApJ, 405, 273
Woosley S. E., Bloom J. S., 2006, ARAA, 44, 507
Woosley S. E., Hoffman R. D., 1992, ApJ, 395, 202
Woosley S. E., Wilson J. R., Mathews G. J., Hoffman R. D., Meyer
B. S., 1994, ApJ, 433, 229
Zatsepin G. T., Kuz’min V. A., 1966, Soviet Journal of Experi-
mental and Theoretical Physics Letters, 4, 78
Zhang B., Pe’er A., 2009, ApJL, 700, L65
c© 2010 RAS, MNRAS 000, 1–??

